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Abstract. Heavier resonances are continually being added to the hadronic spectrum from
the Particle Data Group that follow an exponentially increasing mass spectrum. However, it
has been suggested that even further states predicted from Quark Models are needed in the
hadronic spectrum in order to improve the agreement between the hadron resonance gas model
predictions and lattice QCD data. We find that the inclusion of such states with extrapolated
branching ratios slightly decreases the freezeout temperature. To eliminate ambiguities, we
introduce a first principle method to extract the freeze-out temperature for charged kaons from
experimental data, which yields a lower bound of Tfo &145 MeV for the highest collision energy
at RHIC.
1. Introduction
The Hadron Resonance Gas model has been extremely successful in reproducing Lattice
Quantum Chromodynamics results in the hadron gas phase [1, 2]. The underlying assumption
is that it is possible to describe an interacting gas of hadrons in the ground states through a
non-interacting gas of hadrons and resonances. The expression for thermodynamic quantities in
the HRG model is then simply a sum over the contributions from each resonance. In this sense,
the only “variable” in the model is the hadronic spectrum one feeds into it.
The original idea by Rolf Hagedorn was that a limiting temperature TH for matter exists,
called Hagedorn temperature, which cannot be exceeded, and therefore a system of hadrons
responds to an arbitrary increase in the energy density by creating more and more resonances
rather than by increasing the temperature [3]. Following these arguments, he showed that these
resonances would need to populate a spectrum which is exponentially increasing in mass, when
counting all states with the corresponding degeneracy:
N(m) =
∑
i
di Θi(m−mi)
summing over the resonances with degeneracy di and mass mi. It was later shown [4] that TH
can be interpreted as the limiting temperature for hadronic matter, if a phase transition occurs
to a deconfined state of quarks and gluons. Presently, we know from Lattice QCD calculations
that the deconfinement transition is a smooth crossover for vanishing baryonic chemical potential
[5]. In this sense, the Hagedorn temperature can be analogous to the critical temperature of
the deconfinement transition, and, therefore, it is reasonable to expect the effects related to the
increased states population to appear and become relevant close to such transition.
The list of experimentally measured resonances is continuously updated by the Particle Data
Group [6], and confirms the original idea from Hagedorn [9, 10]. Moreover, there exist Quark
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Figure 1. Exponentially increasing mass spectrum for different PDG lists, and with the
inclusion of further Quark Model states
Models [11, 12] that predict the presence of further, not yet discovered, hadronic states. The
latter states also show an exponential behavior in the mass spectrum, as shown in Fig.1.
Including further states in an exponentially increasing mass spectrum can have far reaching
effects in the field of heavy-ions. For instance, they play a role in the transport coefficients
close to the critical temperature region [13, 14, 15, 16], influence elliptical flow [17, 18], can
improve thermal fits [19], and affect the chemical equilibration time in the hadron gas phase
[20, 21, 22, 23]. Thus, it is important to determine the precise number of resonances that exist
otherwise a systematic bias affects numerous comparisons between theory and experiment.
2. Strange states and chemical freeze-out
The Hadron Resonance Gas model has been employed to extract information about chemical
freeze-out in heavy ion collisions through comparison of particle yields [24], particle ratios [25]
and ratios of fluctuations of conserved charges (susceptibilities) [26], with experimental data. In
the past few years, such comparisons of yields and particle ratios with data from both RHIC
and the LHC seemed to indicate the existence of different freeze-out temperatures for light
and strange matter [27]. When comparing to the experiment, effects due to resonance decays,
acceptance cuts and isospin randomization need to be taken into account [26], which can also
be affected by the inclusion of more states in the hadronic population [8, 7].
For strangeness, the agreement of the Hadron Resonance Gas model with Lattice results is
not always satisfactory, so that it was suggested [29] that the inclusion of Quark model states is
necessary. It was also pointed out that this inclusion would reduce the difference in temperature
between light and strange freeze-out. However, in [29] the effects of resonance decays were
not taken into account. Thus, we used the known branching ratios from the PDG list [6]
to extrapolate the branching ratios for the Quark Model states, carefully enforcing quantum
numbers and mass conservation. By comparing net-charge and net-proton fluctuations (χ1/χ2)
with STAR data [30, 31] from the Beam Energy Scan, it was possible to extract the values of T
and µB at chemical freeze-out. The addition of Quark model states only has a small decrease
of the freeze-out temperature, as seen in Fig.2.
To extract freeze-out parameters from first principles, one can use ratios of susceptibilities as
discussed in [32, 33]. If Lattice QCD showed a separation between light and strange freeze-
out [34], this would have an heavy impact for example on the hadronization schemes used
in hydrodynamical simulations. In principle, one could compare Lattice QCD to experiment
directly from susceptibilities of strangeness. However, lattice only has global contributions
whereas the only strangeness-related fluctuations presently available from experiment are those
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Figure 2. Freeze-out points from particle
yields fluctuations comparison with HRG
with and without Quark Models states
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Figure 3. Comparison of charged kaons
χK2 /χ
K
1 from Lattice QCD (Wuppertal
Budapest) to preliminary STAR data for√
sNN =200 GeV.
of charged kaons. In order to isolate charged kaons on the lattice, partial pressures for charged
strange mesons can be used [28], where ratios of susceptibilities are shown to be of the form
χK2
χK1
=
cosh(µˆS + µˆQ)
sinh(µˆS + µˆQ)
, (1)
where µˆS = µS/T and µˆQ = µQ/T are supplied by the Wuppertal Budapest collaboration.
In Fig.3
χK2
χK1
is compared from Lattice QCD with preliminary STAR data. Due to large
uncertainties in the experimental data, only a lower bound at TKfo & 145 MeV can be extracted
at the moment.
3. Conclusions
In this proceedings two different approaches for studying light and strange freeze-out
temperatures are shown. Adding Quark model states with their decays to the hadronic spectrum,
lowers the light freeze-out temperature by a small amount. Second, a new method for extracting
strangeness freeze-out parameters from first principles using strange charged sucpetibilities is
presented to resolve the tension between the light and strange sector. In both cases, smaller
error bars are needed to better check the strange sector.
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